Swimming in ocean water, including beaches not impacted by known point sources of pollution 47 continues to pose a rising health concern. This study is an initial evaluation of the presence of 48 and association among indicator microbes, pathogens and environmental conditions at a 49 subtropical, recreational marine beach in South Florida (USA) impacted by non-point sources of 50 pollution. Twelve water and eight sand samples were collected during four sampling events 51 conducted at high or low tide and during elevated or reduced solar insolation conditions. 52
INTRODUCTION 69
Global estimates indicate that each year more than 120 million cases of gastrointestinal 70 disease and 50 million cases of severe respiratory diseases are caused by swimming and bathing 71 in wastewater-polluted coastal waters (44). Swimming-related illness is predominantly 72 attributed to exposure to microbial pathogens, which enter the water through point sources such 73 as sewage outfalls. Water quality at beaches may also be impacted by non-point sources such as 74 storm water runoff, sand re-suspension, animal fecal inputs, and human bather shedding (8, 12, 75 22, 49, 61) . 76
The concentration of indicator microorganisms in a recreational body of water is used to 77 estimate the health risk to bathers. These microbes serve as surrogates for microbial pathogens. 78
Studies show that the U.S. Environmental Protection Agency (EPA) recommended indicator 79 microbe for marine beaches, enterococci, shows a significant correlation with illness in marine 80 beaches impacted by point source pollution (40, 56) . However, a similar correlation has not been 81 identified at beaches impacted by non-point source pollution or subtropical marine beaches (17, 82 30, 40, 56) . 83
The failure to consistently demonstrate an association between enterococci and illness at non-84 point source beaches calls into question the ability of indicator microbes to predict the presence 85 of pathogens. Studies conducted on the west coast of the United States have shown that 86 indicators are often not correlated with measured pathogens at non-point source beaches (32, 33, 87 34, 39) . Additional studies conducted in a subtropical environment such as that of South Florida, 88 where this study was also conducted, has also repeatedly shown the limited accuracy of indicator 89 microbe standards for determining the presence of pathogens (28, 36) . This lack of correlation is 90 understandable since an indicator microbe such as enterococci may come from relatively low-91 on June 21, 2017 by guest http://aem.asm.org/ Downloaded from measurements, and environmental conditions at a subtropical recreational marine beach in South 115 Florida, USA. Given cost limitations when screening multiple targets including pathogens, this 116 study is not intended to establish a conclusive relationship between the various factors and 117 targets but to give insight on both their presence and possible associations which should be 118 investigated further. Such information would be useful in understanding the potential health risks 119 to bathers from non-point sources of microbes and would also contribute to determining the 120 appropriateness of using indicator microbes to monitor the water quality at non-point source 121
beaches. Although previous studies have assessed either viral, protozoan, or bacterial pathogens 122 presence along with indicator microbes at point or non-point source recreational beach waters 123 (28, 34, 39, 49) , to the authors knowledge, this is the first study to assess presence of all three 124 classes of pathogens (viral, protozoan, bacterial) as well as indicator microbes at a non-point 125 source recreational beach. This study is also the first to sample for all these microbes in both 126
water and sand at non-point source recreational beaches. Through analysis of the various 127 microbes under different targeted environmental conditions, this study also conducted a 128 preliminary evaluation into the sources of microbial contaminants and pathogens, and the 129 effectiveness of various analytical methods for microbe detection. The latter included a 130 6 because of its geographic location and its average ambient temperature of 24.8 °C. The study 138 beach is an irregularly narrow beach with an approximate average distance between the mean 139 water line and the outer edge of the sand of 5 m. The beach is 1.6 km long, relatively shallow, 140 and characterized by weak water circulation (43 
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WHc) and 2 sand (SLW, SLD or SHW, SHD) samples were collected. The "H" or "L" in the 161 sample name represents "High" or "Low" tide, respectively, the "a", "b" or "c" represent the 162 lateral location from the sampling transect, and the "W" and "D" represent wet and dry sand, 163 respectively ( Figure 1 ). Therefore, a total of 12 water and 8 sand samples were collected during 164 this study. 165
Water samples were collected in 20 L sterile containers along the sampling transect at 166 knee depth. Sand samples were collected from the upper 2.5 cm from a 0.25 square meter 167 surface area and placed into sterile Whirlpak™ bags. "W" samples (900 g) were collected from 168 the inter-tidal zone and "D" samples (500 g) were collected along the sampling transect above 169 the high tide line (Figure 1 ). The sand samples were then transported to the lab and transferred 170 into a carboy with 10 L of phosphate buffer saline solution (PBS). This sand/water mixture was 171 mixed vigorously for 10 minutes, and then allowed to settle for 10 minutes. This method was 172 utilized to remove the "washable" microbes from the sand and is based upon a method suggested 173
by Van Elsas and Smalla (55) Microbial Indicators. Enterococci levels in water samples for all four sampling events ranged 212 from <2 to 110 CFU 100 ml -1 using MF methods, <10 to 100 MPN 100 ml -1 using chromogenic 213 substrate, and 13 to 157 MPN 100 ml -1 using qPCR ( for all four sampling events on a per gram dry weight basis ranged from 4 to 1088 CFU g -1 using 220 MF methods, 1 to 1006 MPN g -1 using chromogenic substrate, and 74 to 22100 MPN g -1 using 221 qPCR. Enterococci levels via qPCR were significantly greater than those measured by MF 222 (p=0.002) and CS (p=0.0001) with no significant differences (p>0.1) between MF and CS for 223 sand (Table 2) . Measured concentrations by chromogenic substrate correlated with MF (r=0.92; 224 p<0.004); however no significant correlations (p>0.2) were noted between the other methods for 225 sand samples. 226
Enterococci levels during day 1 low and high-tide water samples and day 2 low-tide 227 water samples were below 25 CFU 100 ml (Table 2) . Day 2 high-tide water samples also had the highest E. 230 coli, fecal coliform, and C. perfringens levels (131, 198, and 8.3 CFU 100 ml -1 on average, 231 respectively) ( Table 2) . Strong correlations were found in the water samples between 232 enterococci and E. coli (r=0.98; p<0.01), enterococci and fecal coliform (r=0.99; p< 0.01), and E. 233 coli and fecal coliform (r=0.93; p<0.03). 234
For sand, strong correlations were found between E. coli and fecal coliform (r=0.99; 235 p<0.01) and E. coli and C. perfringens (r=0.99; p=0.01). All indicator microbe levels were 236 greater in the dry sand as compared to the wet sand for all samples except for the day 2 high-tide 237 sample analyzed for enterococci by qPCR (Table 2) . 238 239 MST Markers. The human polyomavirus marker was detected in samples WHa, WHc, WLc, 240 SLW, and SHW on day 2, while levels in all other samples were below the detection limit. The 241
Enterococci faecium esp gene was not detected in any of the samples during the four sampling 242 events (Table 3) . 243 244 Bacterial Pathogens. Vibrio vulnificus was detected on day 2 in samples WHb, SHD, SLW, 245 and SLD by culture and confirmed by PCR. All other samples were below detection limits 246 (Table 3) . Presumptive S. aureus isolates were also detected (Table 2 ). Presumptive S. aureus 247 were generally low in water samples when indicator levels were low. The highest levels of 248 presumptive S. aureus occurred on the day 2 high-tide sampling event at an average of 22 CFU 249 100 ml -1 . Confirmation tests were conducted on 27 presumptive S. aureus isolates from day 1 250 and 30 from day 2. Two isolates from each day were positive for mannitol fermentation, catalase, 251 clumping factor and protein A latex agglutination. However, none were determined to be traditional filtration of water and sand on day 1 and 2, respectively, were generally below the 257 detection limit. The one exception was the day 2 water sample "WHb" which was positive for 258
Giardia spp. by microscopy at 1 cyst per 144 L or (0.7 cysts/100 L). A matrix spike for the 259 positive Giardia spp. sample showed a recovery of 39% for Giardia spp.. Concentration with the 260 bilayer filtration system followed by qPCR analysis gave positive results for WHa and WHb on 261 the day 2 sampling for Giardia spp. Estimated Giardia spp. concentrations were 11 and 51 cysts 262 per liter, confirming detection via traditional methods, although the qPCR values were greater 263 than values obtained by the standard method. Samples SLD and SHW were positive on the day 264 2 sampling for Cryptosporidium spp. at 12 and 6 oocysts per 100 g of dry or wet sand, 265 respectively, using the bilayer filtration system followed by qPCR analysis. hominis (Accession number L16996)). All other samples were below detection limits for 277 protozoa (Table 3) . 278
An initial positive result for norovirus II in samples WHa and WHb on day 1 was 279 obtained using the bilayer filtration system followed by qPCR analysis. However, further 280 analysis did not confirm the presence of norovirus, demonstrating the importance of confirming 281 qPCR data from complex matrices. All other samples were negative for norovirus, enterovirus, 282 and hepatitis A (Table 3) . water, the average enterococci levels by MF analyzed by two separate labs were below the 300 regulatory guideline levels (104 CFU 100 ml -1 for single samples) for all samples on three of the 301 four sampling events. The average enterococci levels during the day 2 high-tide sampling event 302
were higher than the three other sampling events with one water sample (WHa) at 110 CFU 100 303 ml -1 (standard deviation = 12), which exceeded the regulatory guideline levels for single-sample 304
analysis. This is important since regulators may have opted to close the beach or place warning 305 signs for bathers if they had processed the one (of three) high tide samples which exceeded the 306 single sample enterococci level. However this would not be the case if a different sample were 307 processed. Thus, these results emphasize that the spatial and temporal variability of indicator 308 levels in recreational marine water could result in different management decisions at a beach site 309 (8, 21). The supplemental fecal indicator bacteria (fecal coliform, E. coli, C.perfringens) were 310 predominantly consistent with the enterococci results for both the water and sand samples, 311
indicating that the environmental factors and source conditions affecting enterococci may also 312 affect these indicators. Significant correlations were also noted between enterococci, fecal 313 coliform, and E. coli in water samples. 314
Results from sand eluate samples support the notion that there was indicator microbe 315 wash-in from the shoreline. The washable bacteria observed in the pore water of the wet sand 316 (SLW and SHW) collected from the inter-tidal zone and from dry sand (SLD and SHD) collected 317 within a few feet immediately above the inter-tidal zone on a per ml basis was 2 to 4 orders of 318 magnitude greater than the levels observed in the water column with dry sand showing levels 1 319 to 3 orders of magnitude higher in comparison to wet sand. Essentially, the sand appeared to 320 serve as a reservoir by which microbes were captured, persisted, and then were released into the 321 on June 21, 2017 by guest http://aem.asm.org/ Downloaded from water column as the shoreline was subjected to periodic wetting such as that which occurs 322 through tidal action. The initial source of the indicators to the sand is unknown, but could come 323 from direct fecal deposits from animals and humans (61), and through potential regrowth within 324 the sand (10, 13). 325
326
Pathogens: The occurrence of pathogens impacting water is highly intermittent depending upon 327 the illnesses afflicting, or the pathogens carried by, the human and animal population 328 contributing to the pollution source entering the beach. In this study, pathogens were 329 predominantly detected during the same sampling event which resulted in the highest indicator 330 microbe levels. However, given the low number of sampling events a significant relationship 331 could not be established between indicator microbes and pathogens. Potential bacterial pathogens 332 evaluated included both S. aureus and Vibrio vulnificus. The only positive detection of Vibrio 333 vulnificus in the water occurred on the day 2 high tide sampling event indicating that further 334 analysis should be conducted to determine whether an association between the indicator 335 microbes and this opportunistic pathogen exists. Such a relationship should be studied further, 336 especially since this would support the use of these indicator microbes to serve as surrogates for 337 bacterial pathogen contamination in non-point source subtropical marine recreational waters. 338 Although S. aureus was evaluated, none of the isolates were confirmed. This may be due 339 to the fact that the chrome agar plates used to test for S.aureus allowed for growth of organisms 340 other than S. aureus. When S. aureus is abundant relative to the background microbial 341 population, as is seen in clinical samples (26, 41) Giardia spp. was detected in the water by both traditional filtration followed by 353 microscopy and by the bilayer filtration followed by qPCR on the day 2 high-tide sampling event 354
only, when the highest levels of indicator microbes was detected. The detection of Giardia spp. 355 by the bilayer filtration method indicates the potential of this concentration method in that a 356 much smaller volume (5L) of sample water may be used for detection (2,3). Given that the risk 357 posed by these pathogens at a given concentration is less in bathing water than in drinking water, 358 this volume may prove to be adequate to detect an acceptable risk. The obvious difference, 359 however, in detection of Giardia spp. between the traditional and innovative method may be due 360 to the fact that qPCR detects any intact DNA while microscopy only detects intact cysts. During 361 this same sampling event, Cryptosporidium spp. was also observed in the sand eluate through the 362 bilayer filtration followed by qPCR analysis. 363
In terms of the health effects posed by the presence of these pathogens, a thorough 364 quantitative microbial risk assessment and/or epidemiology study should be conducted. A 365 simple risk calculation is presented here to shed some light on the potential risk of Giardia spp., 366 which was detected at this study site. Levels as low as 10 G. raised the water temperature to above 32 º C. Viruses specifically can be vulnerable to high 392 water temperatures (58) and this may be a reason why they were not detected during the low tide 393 afternoon sampling event while other MST markers and pathogens were detected in both water 394 and sand. However, the high tide sample on day 2 was collected before sunrise so inactivation 395 from solar insolation was minimal. 396
Tidal height can also impact indicator microbe levels in water, as sand has been identified 397 as a possible reservoir of indicator microbes at this study beach (10, 11, 21, 43) . During high 398 tide, the inter-tidal zone is submerged, thereby permitting for the transfer of indicator microbes 399 from the sand and porewater between the sand into the water column. Therefore, based on 400 environmental parameters, the day 2 sampling event presents the ideal case for increased 401 indicator microbe levels as it was collected during high tide in the early morning before solar 402 insolation inactivation. 403
404
Microbial source tracking markers: The human source tracking marker, HPyVs (human urine 405 and sewage source), was detected during the high tide and low tide event on day 2, thereby 406 supporting the hypothesis that the site was impacted by human waste (37) during or prior to the 407 morning high tide sampling event. Given that there are no known point sources or other sewage 408 sources to this beach such as sewage outfalls or septic systems (43), these results point to fecal 409 sources, which originate either near shore from people and/or animals or offshore from boats 410 dumping their waste (as compared to sewage from a large community). Although intersections 411 between canals/rivers and the ocean are distant from the sampling site, the possibility also exists 412 for persistent pathogens originating from canals and rivers to be transported to the beach. sand) during the four sampling events Sample identifiers a, b, c correspond to water samples and 719 represent distance from sampling transect and sample identifiers "wet" and "dry" represent 720 location of sand sample whether in, or above the inter-tidal zone, respectively as shown in figure  721 
